Abstract Apelin is a recently discovered hormone secreted by adipocytes. The aim of this study, therefore, was to evaluate the distribution of apelin in paired serum and synovial fluid (SF) of osteoarthritis (OA) patients, as compared to that in healthy controls, and to characterise the expression profile of apelin and its cognate receptor APJ in human chondrocytes. Apelin levels in serum and SF were analysed by enzyme-linked immunosorbent assay (ELISA). Expression of apelin and APJ in human chondrocytes was determined by real-time quantitative polymerase chain reaction (PCR). Apelin was found to be present in OA SF, and concentrations were positively correlated with the severity of OA. OA serum exhibited significantly elevated levels of apelin (2.18±0.22 ng/ml) as compared to normal serum (1.31±0.12 ng/ml) (p<0.05), and serum apelin levels exceeded those in paired SF (p < 0.001). The apelin and APJ transcripts were identified in chondrocytes, and levels were significantly higher in OA cartilage than in healthy donors. These findings suggest that apelin may contribute to the onset and/or progression of OA, and may provide new insights into the pathophysiology of OA.
Introduction
A newly recognised member of the adipose-secreted cytokine family, apelin, was identified in 1998 as an endogenous ligand of the human orphan G protein-coupled receptor (GPCR) APJ. Apelin is initially secreted as a prepropeptide consisting of 77 amino acid residues, which is then cleaved into various active forms. Named according to their final lengths (apelin-13, -16, -17, -19 and -36), the shorter forms exhibit more potent functionality [1] . Apelin function is mediated by binding to its specific APJ receptor, a 7-transmembrane GPCR [2] . The apelin-APJ conjugate is widely distributed throughout human tissues, including adipose, brain, liver, lung, and heart, and its expression profile is similar to that of the angiotensin II (Ang II)-angiotensin II type 1 (AT1) receptor complex [3] . In adipose tissue, the apelin/APJ signaling pathway was demonstrated to play a key role in the development of the functional vascular network [4] . As to the cardiovascular system, apelin could protect the heart against ischemia reperfusion injury and induce nitric oxide-dependent arterial vasodilation [5] .
Recent evidence suggests that apelin can act as a proinflammatory adipocyte-derived factor that participates in vascular wall inflammation [6] . Apelin infusion significantly decreases the mean messenger RNA (mRNA) levels of monocyte chemattractant protein (MCP)-1, macrophage inflammatory protein (MIP)-1, interleukin (IL)-6 and tumour necrosis factor (TNF)-α in aneurysmal aorta. Moreover, apelin treatment of cultured macrophages induced a marked reduction in MCP-1 and TNF-α mRNA levels [6] . Recently, it was reported that exposure of lipopolysaccharide (LPS), IL-6 or interferon gamma (IFN-γ) to rodents led to increased enteric apelin expression [7] . Daviaud et al. demonstrated that TNF-α can act as a direct regulator of apelin expression in both human and mouse adipose tissue, and that injection of TNF-α in mice resulted in increased apelin expression in adipose tissue and blood plasma [8] . Taken together, these findings suggest that apelin may be a proinflammatory adipokine and may play a mediating role or represent a potential link between obesity and inflammation. Recently, it has been demonstrated that apelin can act as a regulator of bone growth by inducing osteoblast proliferation and inhibiting its apoptosis [9] [10] [11] . Until our study, nothing was known about the expression of apelin in osteoarthritic patients.
In this study, we sought to investigate the expression profile of apelin in SF and serum obtained from OA patients, and to characterise the particular levels of apelin in adult human females and males. In addition, we examined the relationship between SF apelin levels and the severity of OA, and analysed the gene expression of apelin and APJ in articular cartilage between patients with OA and donors. [12] . Knee radiograph results were extracted from hospital records for 19 of the OA patients. Normal serum samples were obtained from 14 healthy age-matched individuals. Collected serum was centrifuged at 2000×g for 15 min and SF was centrifuged at 8000×g for 15 min, and then stored at −80°C
Materials and methods

Patients
. The personal and clinical characteristics of the patient and control cohorts are summarised in Table 1 .
Specimens from OA-affected cartilage tissue were obtained from six patients (mean age 63.7±2.8 years; mean BMI 26.8±0.6 kg/m 2 ; 1:1 male to female ratio) from the femoral condyles and tibial plateaus during total knee replacement surgery. Normal knee joint cartilage was obtained from six otherwise healthy fracture patients who had suffered serious accidents that necessitated amputation (mean age 59.3±2.4 years; mean BMI 25.1±0.7 kg/m 2 ; 1:2 male to female ratio). All patients were treated at the Second Hospital of Medical College, Zhejiang University. The study was approved by the local ethics committee and written informed consent was obtained from each participant.
Apelin protein measurement by ELISA Apelin concentrations in plasma and SF were measured by using a commercial enzyme-linked immunoassay kit (Phoenix peptides, Burlingame, CA, USA), according to the manufacturer's instructions. The minimal detectable concentration was 0.07 ng/ml. The ELISA kit has a reported 100% cross-reactivity with human apelin-12, apelin-13 and apelin-36. Before testing, SF samples were pre-treated with 1 mg/ml of hyaluronidase for 45 min at 37°C.
Apelin and APJ mRNA expression measurement by real-time quantitative PCR OA cartilage samples were pulverised in liquid nitrogen, and total RNA was isolated using the Trizol reagent (Sigma-Aldrich, St. Louis, MO, USA), according to the manufacturer's instructions. After a treatment period of 20 min at 37°C with 1Uof DNase I (Sigma-Aldrich) to prevent genomic DNA contamination, 1 μg of total RNA was reverse transcribed using 10 pmol random hexanucleotide primers (Promega, USA), 0. (Table 2) . A parallel amplification of oyster GAPDH transcript (NM_002046) was carried out (forward primer: 5′-CTG CTC CTC CTG TTC GAC AGT-3′; ÀðΔCT targeted geneÀΔCT GAPDH Þ
Statistical analyses
All data have been expressed as mean ± standard deviation (SD). Statistical analyses were performed with statistical software package SPSS version 12.0 for Windows (SPSS, Inc., Chicago, IL, USA). Statistical significance between matched pairs of SF and serum was determined using the paired samples t-test. Differences between patients with OA and healthy controls, female and male were analysed by one-way ANOVA test. The Spearmen correlation coefficient was used to examine the relationship between SF apelin levels and severity of OA. P values less than 0.05 were considered significant.
Results
Apelin expression in OA patients and healthy, non-OA individuals OA serum exhibited significantly elevated levels of apelin (2.18±0.22 ng/ml, n=30), as compared with non-OA serum (1.31±0.12 ng/ml, n=14). Apelin levels in SF from OA patients were 0.35±0.03 ng/ml (Fig. 1) . In the OA group, both serum and SF apelin levels were found to be significantly higher in the female sub-group than those in the male sub-group (Fig. 2) . The serum apelin concentration was 2.70±0.28 in females (n=19) and 1.29± 0.13 ng/ml in males (n=11) (p<0.01), while SF apelin concentration was found to be 0.39±0.04 in the females and 0.27±0.03 ng/ml in the males (p<0.05).
Relationship between SF apelin levels and severity of OA We also studied whether a relationship existed between OA severity and SF apelin levels. OA severity was evaluated by two independent orthopaedic surgeons in accordance with the Kellgren-Lawrence criteria [13] . The assessments were carried out blinded. A significantly positive correlation between SF apelin levels and the clinical severity of OA was observed (r=0.5498, p=0.0003; Fig. 3 ).
Differential mRNA expression of apelin and APJ in cartilage
To assess the mRNA levels of apelin and APJ, we compared the corresponding transcripts in OA cartilage and normal cartilage by real-time quantitative PCR (Fig. 4) . Both apelin and APJ mRNAs were detected in normal cartilage and at remarkably increased levels in the OA group. OA articular cartilage exhibited a significant 25-fold increase in apelin expression and a three-fold increase in APJ expression, as compared with normal articular cartilage.
Discussion
Previous studies have shown that adipose tissue produces many metabolically important factors, including cytokines IL-1 and TNF-α and the adipokines leptin, adiponectin, resistin, and visfatin [14] . Data associating these adipokines with various joint disorders have indicated that they may also have an active role in the pathogenesis of OA [15] [16] [17] . However, there are no detailed investigations on the expresGene GenBank Accession Primer Sequences Size(bp) Apelin NM_017413 F:5′-GGCCATCACCAGCCATTCCTTG-3′ 96 R:5′-GGGCATCAGGCTCTTGTCTTCTCT-3′ APJ NM_005161 F:5′-ACATGGGCAAGGGTGGAGAACAGA-3′ 210 R:5′-GACAGGGCGGGGCAGAATCAG-3′ Hu-GAPDH NM_002046 F:5′-CTGCTCCTCCTGTTCGACAGT-3′ 100 R:5′-CCGTTGACTCCGACCTTCAC-3′ Table 2 Primers of targeted genes Fig. 1 Apelin levels in serum and synovial fluid (SF). Serum apelin was significantly higher in osteoarthritis (OA) patients than in controls (for a, p<0.05). Apelin levels in synovial fluid were lower than in paired serum samples in OA patients (for b, p<0.001) sion and effects of apelin and APJ in chondrocytes. Our study is the first to demonstrate: (1) the presence of apelin in SF obtained from patients with OA; (2) positive correlations between SF apelin levels and the clinical severity of OA; (3) increased serum apelin in OA patients, as compared to healthy, non-OA individuals; and (4) the increased expression levels of apelin and APJ mRNA in OA cartilage.
In this study, we first detected apelin in SF. And the mean levels of apelin in SF obtained from OA patients were lower than in the paired serum. This finding suggested that circulating levels of apelin did not accurately represent the situation in the joint. The joint cavity is a physically isolated space where adipokines act within special regulatory pathways that differentially affect the various systemic tissues. This phenomenon is consistent with findings from recent studies, in which differential distribution of adipokines was identified between serum and synovial fluid in patients suffering from osteoarthritis [18, 19] . Previous studies have also indicated that various tissues, like synovium, infrapatellar fat pad, meniscus, osteophyte, cartilage and bone obtained from OA-affected joints were able to synthesise the adipokines leptin and adiponectin [19] .
In our cohort, a significant positive correlation between SF apelin levels and the clinical severity of OA indicated that apelin might play a key role in the local environment and induce the degeneration of cartilage in OA conditions.
Our data also indicated that apelin concentrations were markedly higher in OA serum than that of healthy controls. Otero et al. had investigated plasma levels of leptin, adiponectin and visfatin and found that each was highly expressed in patients with rheumatoid arthritis. Their results showed that adipokine up-expression in plasma may be responsible for a chronic subclinical presentation of a proinflammatory state in arthritis patients [20] . Though OA has long been considered as a non-inflammatory disease, distinguishable from 'inflammatory arthritis' states such as rheumatoid arthritis, inflammation has become increasingly recognised as a contributing factor in the pathophysiology of OA [21] . We postulate, therefore, that high apelin serum levels in OA patients may represent a chronic proinflammatory state.
Furthermore, our study has revealed that there was a gender component associated with plasma apelin levels in OA patients. Females were found to have considerably higher circulating apelin levels than did men (2.70±0.28 vs. 1.29±0.13 ng/ml). This sex-based differential distribution has never been reported before. Other adipokines, including leptin and adiponectin, are known to exhibit higher serum levels in females than in males [19] . It is interesting, then, to consider that females are well recognised as particularly susceptible to OA [19] . Evidence-based medicine has shown that OA prevalence and incidence are generally higher in females [22, 23] . Taken together, these findings suggest that the presence of apelin may contribute to differences in the incidence of OA in males and females.
The effect of apelin/APJ on human chondrocytes remains to be completely understood. From our research, Fig. 4 mRNA expression of apelin and APJ by real-time quantitative polymerase chain reaction (PCR) in osteoarthritis (OA) articular cartilage and normal articular cartilage. Both apelin and APJ mRNA expression were increased in the OA group compared to the normal group (for a, p<0.001; for b, p<0.01) Fig. 2 Apelin levels in paired samples of serum and synovial fluid (SF) obtained from female and male patients with osteoarthritis (OA). SF and serum levels of apelin in the female group were found to be significantly higher than that in the male group (for a, p<0.01; for d, p<0.05). Serum apelin was significantly higher than SF in both the female and male groups (for b, p<0.001; for c, p<0.001) Fig. 3 Relationship between synovial fluid (SF) apelin levels and the severity of osteoarthritis (OA) it was shown that apelin and APJ gene expression in chondrocytes was significantly higher in OA cartilage than in healthy donors (p<0.001). This result suggests that the apelin/APJ system may be involved in the pathophysiology of OA. Up to now, little effort has been devoted to assessing the effects of apelin on the osteoblasts. It has been reported that apelin can induce bone metabolism by promoting osteoblast proliferation, and this effect can be abolished by suppression of APJ with small-interfering RNA (siRNA) or by blocking the APJ/Akt pathway [9] . These investigators also found that apelin was able to suppress serum deprivation-induced apoptosis in human osteoblasts via the APJ/Akt signaling pathway [10, 11] . Interestingly, both human chondrocytes and osteoblasts are derived from mesenchymal precursors and may share common signal transduction; therefore, it may not be very surprising that we found a similar response of chondrocytes to apelin. Still, the exact mechanism of apelin in the development of arthritis has not been established and warrants further investigation.
In conclusion, this study provides the first evidence that human chondrocytes express apelin and APJ, and apelin can be detected in SF of OA patients. We also found that OA patients had an increased serum apelin concentration, as compared to healthy, non-OA individuals. Furthermore, OA cartilage expressed high levels of apelin and APJ mRNA. Taken together, the results of this study provide evidence for a potential key role of apelin in the pathophysiology of OA. Clearly, the relationship between obesity and osteoarthritis is complex. Future research efforts should pay particular attention to adipokines, especially apelin.
